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ABSTRACT

This summary report, submitted under the terms of contract
952606 (subcontract under NASA Contract NAS7-100, Task
Order No. RD-26), describes a computer program that will
print the power output of a solar panel located arbitrarily
on the surface of Mars. The original program was developed
under Contract 952035 between the Jet Propulsion Laboratory
and Electro-Optical Systems, and is detailed in EOS Report
7254-Final, dated 28 February 1969.

The modifications made under the present contract were to:

a. Provide for solar cell model input in terms of
200 (or fewer) points describing the room-
temperature I-V characteristics, and up to 25
points for each temperature coefficient.

b. Add a subroutine to define the attenuation and
scattering as a result of atmospheric dust,
including layering on the panel.

¢, Print out important cell I-V values during three
periods of the Martian day.

d., Perform a brief study of the sand dune height
pected on Mars,

Theoretical calculations of Rayleigh and Mie scattering are
derived in the report.

The program is included; it is written in Fortran IV for an
XDS Sigma VII computer. Imstructions are given to prepare
the set of necessary input parameters; an explanation and
sample printout are included.
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SECTION 1

 INTRODUCTION

Included in this report are the following major items:

a. A theoretical derivation treating the Mie and Rayleigh scatter-
ing due to the molecules and particles present in the Martian
atmosphere.

b. A theoretical derivation of the expected dust layer buildup
on a solar panel, by means of the Stokes-Cunningham equation,
and a calculation of light attenuation through this layer.

c. A theoretical study of the parameters of the sand dunes ex-
pected on the Martian surface, based upon the Bagnold equa-
tions, and other physical characteristics of the surface
environment.

d. A discussion of a solar cell model and description of its
computer implementation.

e. The computer program, typical printouts, and a set of
recommendations.
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SECTION 2

THEORETICAL SCATTERING AND DUST LAYERING

2.1 GENERAL

In order to determine the output of a solar cell on the Martian surface,
it is necessary to know the intensity of the sunlight at the location of
the solar cell on the planet's surface. Sunlight which enters the Martian
atmosphere is both absorbed and scattered by atmospheric molecules., Dust
particles suspended in the atmosphere will also absorb and scatter the
sunlight, but, for the sake of simplicity, we shall consider the dust
particles to be perfect dielectrics (i.e., nonconducting), so that they
do not absorb the solar energy. The intensity of the sunlight at the
solar panel depends on the absorption coefficient of the molecular aémo—
sphere and the scattering coefficient of both the atmospheric molecules
and the dust particles. These coefficients are discussed in the follo-

ing subsections.

2.2 ABSORPTION COEFFICIENT OF MARTTAN ATMOSPHERE

Let z denote the altitude (vertical distance above the Martian surface)
of a point in the Martian atmosphere, and let w(z) denote the absorption
coefficient of the atmosphere at this point. Then, if Io is the inten-
sity of sunlight in free space at Mars' distance from the sun, the in-
tensity of light at a point on the Martian surface directly beneath the
sun, resulting only from the loss of energy due to absorption by the

atmosphere, is given by

H
Ia = IO exp [ff u(z)dz] ,
o

4042-SR 2



where H = height of effective atmosphere. Now, the absorption coefficient,

w(z), is directly proportional to the density, p(z), of the atmosphere.
Thus,

w(z) = k p(2),

where

p(=) = p_ exp [kr(—%"-f;—z—)-] .

Here, P, = density of atmosphere at the surface of Mars = 1.465 x 10_5

gm/cm3, R = radius of Mars = 3332 km, and

where p, = atmospheric pressure at the surface of Mars = 7.0 x 103
dynes/cm2 and K = gravitational constant of Mars = 4.255 x 1019 cm3/sec2.

Here, o = 8.9 x 10° km. Combining the first three equations gives

I

H
2 . {. oz }
I exp | -kp, XO exp [R(R ¥ z)] dzj

for which

Zn(IO/Ia)
q .
po jo €xp [R(éai z)] dz

Therefore we finally have

In(I /1)
p(@ = kplz) = 2 . exp [R(RH) (1)

Xi exp [ﬁ?ﬁg%_Zi] dz
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The values of P, p, given above are taken from Ref. 1. For the purpose
of our problem, we shall let I /I, = 0.95, so that In(I /1) = 0.05126.
Also, the height of the effective Martian atmosphere is taken as

= 200 km, A computer calculation yields

exp [R(R ) = 12.57 km.

2.3 RAYLEIGH SCATTERING COEFFLCIENT

According to Ref, 1 (Fig. 4-25), the maximum solar irradiance on the
Martian surface occurs at a wavelength X = 0.5y (u = 1 micron = 1074 cm) .
Since the diameter of an atmospheric molecule is considerably less than
0.1\, the scattering of the sunlight by the atmospheric molecules will
be Rayleigh—ty?e scattering. The Rayleigh scattering coefficient, sg,

is given by

g~ "%

where n, = molecular number density of the Martian atmosphere and ogp =
Rayleigh scattering cross section. Here, np = p/m, where m = mass of
an atmospheric molecule. From Ref., 1, we deduce that m = 6.3 x 1023

gram. Therefore,

b = 1 ex [ﬁ_:ga__{]
R o °*P R+ 2z)]?

where n
o

molecular number density at the surface of Mars = 2.32 x 1017

cm .

According to Ref., 2, p.3, the Rayleigh scattering cross section is given
by
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where m, = index of refraction of Mars' atmosphere at the surface of

Mars and § = depolarization factor. It can be shown that m, = 1.000004

and § = 0.075. Then, since X = 0.5u, we have op = 1.79 x 10728 cn?,
Consequently,
— -(YZ
S T TR P {RER + z)] g (2
-4 -1
where n o = 4,15 x 10 ~ km .
o R

2.4 MIE SCATTERING COEFFICIENT

The diameters of the dust particles in the Martian atmosphere being
considered for this problem lie in the range 1.0y, 100.0y. Since these
diameters are the same order of magnitude as A = 0.5u, and greater, the
scattering of the sunlight by the dust particles will be Mie-type scat-
tering. The classical theory which describes this type of scattering
assumes that the scattering particles are spherical. Also as mentioned
in the introduction, we shall assume, for simplicity, that the dust

particles are nonconducting. The Mie scattering coefficient, s, is

given by

s = no, 3)

where n = number density (constant) of dust particles in the atmosphere,

and g is the Mie scattering cross section. According to Ref, 3,

I

2 ©
sOuN, = Y @ianda, P r v, P, @)

i=1
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[

where N index of refraction of a dust particle, and

2T
p:.__).\_‘i’

where a = radius of dust particle, Here,

I

Ny, (P (p) - 4 (P, (NP)
i ¥, M) - NI (NP)C, (p)

and

Ny s ()¢ (Np) = ¥, () (NP)
i Y @p)C; () - Ny, ()L (p)

where the primes denote differentiation with respect to the argument of

the respective function. Further,

1/2
\
px) = (2] I
i <2 / i+1/2
and
3 1/2
6 = 1,60 - DY) se

-(i+1/2)

where j = (-1)1/2.
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Also,

1/2 , ,
iff)/z = (%T;> [Pi(x) sin(x - %—T—‘) + Q, (x) cos(x - -;-Tl)] ;

1/2 . X
J 2’31 P (%;) [Pi(x) cos (x + %—Ti) - Q (%) sin(x + %‘1)] )

i

Here,
i
< —2- .
_ -DPE + 2p) 1
P, = 2 @p)T(i - 2p)T 507
p=0 *
and
< —;— (i-1)
_ -DPGE + 2p + 1! 1
Qi(x) - §: @p + D)i(L - 2p - DI 2p + 12
p=0 (2x)

where the upper limit that ultimately belongs on each summation sign is

the nearest integer to the value indicated. The quantities Ji and

+1/2
J-(i+1/2) are the Bessel Functions of half-integral order.

2.5 INTENSITY OF SUNLIGHT AT THE SOLAR PANEL

The total intensity of sunlight at the solar panel on the Martian sur-
face consists of three parts: (1) the intensity, Il, resulting from
the attenuvation of solar energy due to absorption (by the atmospheric
molecules) and scattering (by the molecules and dust particles); (2)
the intensity, Ism, due to energy scattered by the molecules; (3) the
intensity, Isd’ due to energy scattered by the dust particles. Thus,

the total intensity of sunlight at the solar panel is

4042-SR 7



IT = I1 + Ism + Isd (5)

2.5.1 INTENSITY, I,, DUE TO ATTENUATION

13
Consider the rays of light from the sun to be incident on the solar panel
at an arbitrary angle, vy, relative to the local vertical, as shown in
Fig. 1. When vy = 00, the sun is directly over the panel, and when

v = 90°, the sun is on the horizon. The intensity I for arbitrary

l’
Y, is given by

1

L
Lot Teee{ [ @@+ e@lal, ®)

where

L
IO [w(E) + sp(&) + s(8)] dg

Ln(IO/Ia)
~ q + nOOR
I ex [}—;fﬁi——{] dz
PRR+ 2)
0
L 2
o (1 E cosy )
.f exp[- T{ <-§- -‘-5 -+ i—i——x/] dg + sL, (7
0 R
and
R siny\2 | 1/2
L=-RCOS°\(+(H+R)[1~<H—T§X>J .
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A digital computer is needed to evaluate the above integral. However,
in the special cases when v = 0° or 90°, the integration may be performed

analytically. Thus, when vy = 00,

2
f: eXp[- % <-21— i—z- + 5._%‘?-.3_1)] dg = J': exp[- % (%— i; + %)] de
~ fH exp(- 2 - £) ag ~ 5;-% = 12.48 knm, @)
0

and when y = 90°,

wiR

fz expl:— % <—;~§ + 5__1%9_5_“9:] dg = IE exp(- . %i; dg

© 2 3.1/2
a2 f exp<- % y %—%—-) dg = <-E%—-) = 256 km,
0 R

where L = (52 + 20R) /% = 1170 k.
2.5.2 INIENSITY, I__, DUE TO SCATTERING BY MOLECULES

In the derivation of Ism’ and also Isd’ it is assumed that the scattered
sunlight reaching the solar panel has been scattered only once, i.e.,
multiple scattering is not taken into account. For this reason, and
because of the limited region of space in which the scattered light is
assumed to originate (exélained below and in Fig, 2), the intensity of
the scattered sunlight at the solar panel will represent a conservative

value.
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The derivation of Ism for arbitrary <y is rather difficult., For the
purpose of this study, only the Ism corresponding to vy = 0° will be
derived., Preliminary calculations of Ism’ in which it is assumed that
the scattered light reaching the solar panel originates in a long cylin-
drical column whose axis coincides with the panel-sun direction and whose
cross section is the projected area of the solar panel surface, show that
the ratio, Ism/Il’ is the same for v = 0° and v = 90°, We shall assume
that the ratio Ism/Il remains constant for all values of y(0° < vy < 909).

Hence, the value of Ism for an arbitrary vy can be obtained from,

I = EEEEEX:Q.. T

sm (II)y=O (10)

1’

where (Il)y=0 is obtained from Egs. 6, 7, 8 and I1 is determined from
Eqs. 6 and 7. In order to reduce the mathematical complexity in the

derivation of (Ism)y it is assumed that the scattered (by the at-

=0
mospheric molecules) gunlight incident on the solar panel comes only
from that part of the atmosphere contained in a cone of half-angle B,
with vertex at the solar panel and central axis coincident with the
local vertical. The shaded area in Fig. 2 denotes this conical region.

Here, B < 45°. The intensity is given by

B 2 ,
e-sH I (L - N sec8) (1l + cos §)sinb P

0 Qé-cose + s(l ~ cosB)
R

(T ) = §-I n o

sm” y=0 8 "0 0oR ®

B (1 + cosze)tane

0 ZQE cos8 + s{l - cosB)
R

3 -sH
+2 I oge” [ ae, (11)
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where

2 zn(Io/Ia)
H

f exP[ﬁZigg_Ei] dz

0

=
i
R ‘W
+
o]
Q
it
(=]
o
%
o
o

The smaller the value of B, the more accurate is Eq. 11. The value of
B should not exceed 45°,

2.5.3 INTENSITY, I DUE TO SCATTERING BY DUST PARTICLES

sd’
The derivation of Isd for arbitrary vy is also rather difficult, and so,
for the purpose of this study, only the Isd corresponding to vy = 0° will
be derived. Preliminary calculations of Isd’ in which it is assumed
that the scattered light reaching the solar panel originates in the same
cylindrical column as previously described for Ism’ show that the raéio
Isd/I1 is the same for v = 0° and y = 90°., We shall assume that this
ratio is constant for all values of y(0° s vy < 90°), so that the value

of Isd for an arbitrary 'y can therefore be obtained from

I, = == .1, (12)
sd (Il)y=0 1

(Isd) 0

In order to reduce the mathematical complexity in the derivation of

(Isd).Y=O’
pended in the atmosphere) sunlight incident on the solar panel comes

it is assumed that the scattered (by the dust particles sus-

only from the conical region shown in Fig. 2. The intensity is given

by

4042-SR 13



2 1

~ A _o  -sH -
(Isd)Y -0 = 4ing e jo (1 T sec’d)
2RH + H2
1 - exp [}s(l - cos8) <§§f€g§6—>]
1 - cosB
. [il(e) + iz(e)] sin® do
2 B
+‘%ﬁ-1 Tn e sH I ; tan®
© 0 Q% cosB + s(l - cosh)
R
[;l(e) + iz(e):]de s (13)
where
. _ 2 . -
i = s I i,0= 1s, f, (14)
@ 1 1
. ) 21 2i + 1 i dPi (cos@) i Pi (cose)]
1 1(i+l) L%1~ de i sin® ’
i=1
and
@ p.l (cos®) ar. ! (cos@)
s - 21 + 1 i \cos by i cos ]
2 1(1+1) sin® i de ’

U

Here, Pil(cose) are the Associated Legendre Functions, and as bi
are given in subsection 2.4. The dimensionless quantities il(e),
iz(e) are called the intensity functions, or angular distribution
functions, of the scattered radiation. Again, the angle B should not

exceed 45°. Of course, the same value of B should be used in equations

11 and 13.
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It should be noted that a singularity does not exist in the first

integral of equation 13. Thus, when 6 = O,

9
2 RH + H

1 - exp [— s(l - cos®) (575755;6*11 i

= s(1 +-EE) H

1 - cos®

2.6 EFFECTIVE LIGHT INTENSITY AT THE SOILAR PANEL

The power generated by a solar panel due to a particular ray of light
incident on the panel is proportional to the intensity of this ray

(at the panel) multiplied by the cosine of the angle between the normal
to the panel and the direction of the ray. Since the scattered light
reaching the panel arrives from several directions in space (angular
variation = 2B), not all of this intensity, IT’ given by equation 5
will be equally effective in generating power. Since the rays of
light contributipg to the nonscattered intensity, Il, come directly
from the sun, this intensity should be multiplied by cosy, where

¥ = angle between the normal to the panel and the panel-sun direction.
Also, each of the several rays of light contributing to the scattered

intensity, ISm + IS , should be multiplied by the appropriate quantity.

d
This latter task is very complicated mathematically. Since the rays
of light having the highest intensity are generally those coming
directly from the sun, little accuracy will be lost if we multiply

the total intensity, I by cosy in order to obtain the power output

T,
of the solar panel.

The quantity, cosy, is obtained from the computer program described

on pages 56 - 68 of EOS Report 7254-Final, 'Planetary Solar Array
Development,’ dated 28 February 1969.

4042-SR 15



Multiplying Ism + Isd by cosyx (as recommended above) will give a
slightly higher intensity than the product of the scattered intensity
constituents and their associated cosines. Some of this additional
intensity will be supplied, realistically, by the intensity resulting
from multiple scattering and from the intensity due to scattered light

originating outside of the conical region defined in Fig. 2.

2,7 ATTENUATION OF SUNLIGHT BY DUST TAYER ON SOLAR PANEL SURFACE

In addition to being attenuated by absorption and scattering in the
Martian atmosphere, the incident sunlight will also be attenuated by
the layer of dust which is expected to collect on the solar panel
surface. Evidence obtained from close-up photographs of Mars suggests
the existence of dust storms in the Martian atmosphere. After a dust
storm has passed over an area, it is reasonable to expect that the
dust particles suspended in the atmosphere will fall to the surface;
thereby forming a layer of dust on the solar panel. Of course, a
minimal dust layer will probably exist on the solar panel surface
while the wind is blowing, but the thickness of this layer will depend
largely on the electrostatic forces betwee: the dust particles and the
panel surface, and this phenomenon is too complex to be analyzed in

this report.

For simplicity, we assume that the dust particles are spherically
shaped. According to the Stokes-Cunningham equation (Ref. 4, pp.
592, 593), a small spherical particle falling under gravitation through

an atmosphere will reach a constant terminal velocity, v, given by

v o= 2l ooy ey (1s)
N P - Py ap_ >

4042-SR 16



where p = density of particle, g = gravitational acceleration,

a = radius of particle, T = coefficient of viscosity of Martian
atmosphere, B = 0.004632, and p,> P, are the density and pressure,
respectively, of the Martian atmosphere at the surface of Mars. 1In
equation 15, a is expressed in centimeters and P, is given in milli~

meters of mercury. Here, P, = 13.5 mm Hg.

The thickest dust layer will form on the solar panel if it is lying
flat on the Martian surface, i.e., if the normal to the panel lies
along the local vertical, 1If n denotes the number density of dust
particles in the Martian atmosphere, then the number of dust particles
which will fall on unit area of the solar panel in unit time, i.e.,

the deposition or settling rate, v, is

v = nv , (16)

where v ig given by equation 15. If A denotes the area of the solar
panel surface, then the number of dust particles which are required

to completely cover the surface and thereby form a single layer on

the solar panel is approximately A/Traz. IF At denotes the time taken

for a single layer to form on the surface, then A/TTa2 = p A At, or

At =
ﬁazu

We assume that the dust layer thickness increases continuously and
uniformly with time. Let h denote the thickness of the layer and let
t denote time. Then, since the thickness of a single layer equals 2a,
the general thickness will be h = (2a/At)t , or

h = 2Tl’a3 vt (17

where t > At and v is given by equation 16.
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Values must be assigned to p, g, and T before h can be computed.
According to Ref. 5, the density of the top few centimeters of the
Martian surface is estimated to lie between 0.6 and 2.9 gm/cmB. We
shall assume that the density, p, of a dust particle in the Martian
atmosphere is p = 2.0 gm/cm3. The gravitational acceleration at the
surface of Mars is g = 382 cm/secz. An approximate value of T can be
determined from information contained in chapter 4 of Ref. 6. We
assume that the Martian atmosphere is 100% carbon dioxide and that
the temperature of the atmosphere near the Martian surface is 220°K
(Ref. 1). The resulting coefficient of viscosity is, from Ref. 6,

MT = 1.11 x 10-4 gm cm_1 sec-1
Combining equations 15, 16, and 17 and employing the above values of
0, &, and 1), we obtain

-3
h = 0.96 x 10’ (1 + 0.3433x 10 7y 22 nt (18)

where t <71, [a]l=cm, [n] = cm_3, (t] = sec, [h] = cm, and 7 denotes
the length of time between dust storms. For given values of a2 and n,
the maximum h occurs when t = 7. (It is assumed that, while the wind
is blowing, no dust exists on the solar panel, but as soon as the
wind stops, dust begins to fall on the panel surface and continues to
do so until the next storm at which time all the dust is blown off
the panel.) Since the minimum values of a and n considered in our

problem are 5 x 10_5 cm and 1 cm_3, respectively, the minimum h, as a

function of time, is

h . = 2.36 x 1004 ¢,
min

and since the maximum values of a and n considered in our problem are

5x 10-3 cm and 102 cm-3, respectively, the maximum h, as a function

4042-SR 18



of time, is

h = 3.2x 1077 .

max
Note that for the minimum values of a and n, it would take approxi-
mately 105 years to accumulate a 1 mm thick dust layer, whereas, for

the maximum values of a and n, this same thickness would be generated

in only 31.2 seconds.

Sunlight incident on the solar panel will be reflected, absorbed, and
transmitted by the dust layer on the panel surface. 1f we let [ denote
the absorption coefficient of the dust layer and let v denote its
reflectivity, then the transmitted intensity, 12, which ultimately

determines the outputy power of the solar panel is given by

-C (h secy)

1 = I_cosx (1 - V) e ‘(19)

2 T
{

where IT is given by equation 5, h is given by equation 18, and ¥
is discussed in subsection 2.6. The reflectivity, v, of the dust
layer will not be comnstant but will depend on the layer thickness, h.
A realistic functional dependency is

-kh
Vo=V (L - e )

where v, = reflectivity of dust layer for large values of h. We
assume that when h = 4a (a = radius of dust particle), then v/xb = 0.99.
Hence, k = 1.15/a ~ 1/a,.so that

-h/a
e

v o= vo (1 ~

) (20)

where h is given by equation 18.
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Values must be assigned to the parameters ( and \B' An approximate
range of values for ( is 1 cm"1 < [ =100 cm—l. Also, O < v, < 1.
As reliable estimates of ( and v, (and k) are obtained from the
Mariner missions, they can be substituted in equations 19 and 20 and

a correspondingly realistic value of I, can then be determined.

2
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SECTION 3

DUNE MOVEMENT STUDY

The existence of sand dunes on the Martian surface can be dangerous to
an unmanned Martian mission in two ways: (1) the spacecraft may land
on the side of a dune and then sink in the sand and/or topple over; (2)
the spacecraft may land near a sand dune and eventually be covered by
the dune as the dune is slowly "pushed' along the ground by a steady
Martian wind. Neither of these mishaps can be prevented in the case

of an unmanned landing, unless the spacecraft lands on a part of Mars
which is free of strong winds and dust storms, and hence, free of sand
dunes. According to Ref. 5, most of the dust storms on Mars occur in
the 0° #35° latitude belt. )
If the height of the sand dunes is small compared with the wvertical di-
mension of the landing spacecraft, then either of the above two mishaps
will be less likely to occur. It is desirable, therefore, to know the
height of sand dunes on the Martian surface. According to Ref. 7, it
is not possible to divorce the height of a sand dune from the rate at
which the sand is transported across the dune, since the dune would not
exist without the surface winds which create it by moving sand particles
over the Martian surface. Hence, in order to predict the dune height,

one must also make some assumptions regarding the rate of sand movement.

The motion of sand from one side of the dune to the other side has the
net effect of displacing the sand dune (very slowly) along the ground
in the direction of the wind. According to Ref. 7, the speed, c, at
which the sand dune moves along the ground, and the rate, q, at which
sand is carried over the dune along a path of unit width, are related

to the sand dune height, H, by

4042-SR 21



< 9
H - .YC > (l)

I

where Yy = bulk density of the sand dune. Here, [q] = mass/(time x

distance). Also according to Ref. 7, the quantity q is given by

o | 0.174 3<%>1/2 Py 3

gj'(v—Vt) 2)

oL
it

VA
Logyg 17

Here, C = dimensionless constant which depends on the type of sand, z

= height above ground that the wind velocity, v, is measured, k' =
height of ripples of sand on ground, d = diametér of sand particles, D

= diameter of typical (earth) sand particle = 0.25 mm, o, = density of
Martian atmosphere near the surface, g - gravitational acceleration at
Mars' surface, v = velocity of wind at a height z, Vt = threshold ve-
locity, i.e., the velocity of wind at height k' at which sand particles
on the ground first begin to move. By combining Eqs. 1 and 2 and as-
signing values to v, C, z, k' d, Pg> &5 and Vt, we will obtain H as a
function of ¢ and v. Treating ¢ as a parameter, we can therefore obtain

graphs of H versus v, for selected values of c.

According to Ref. 5, the density of the top few centimeters of the
Martian surface brackets the value 2.0 gm/cmB, which we take for v.
From Ref., 7, C = 1.8, Reasonable values to assume for the Martian sur-
face are: z = 1 meter, k' = 10—2 meters, d = D, Also, Py = 14.65

X 10—6 gm/cm3, g = 382 cm/secz. Approximate values of Vt as a function
of the particle radius, d/2, are given in the graph on page 6 of Ref. 8,
for two surface pressures of the Martian atmosphere. We consider a
7-millibar air pressure (pO = 7.0 x 103 dynes/cmz) near the surface of
Mars. Then, for d/2 = 0.25 mm/2 = 125 microns and p = 7 mb, the graph
gives Vt ~ 3.6 x 102 cm/sec. Combining Egqs. 1 and 2 and substituting

the above values finally gives
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where [c] = cm/sec, [v] = cm/sec, [H] = cm, and v > 360 cm/sec. Figure 3
shows a graph of H versus v for the five values, ¢ = 0.1, 0.5, 1.0, 5.0,

and 10 cm/sec.

It is interesting to note that, according to Ref. 7, sand dunes on the
earth may reach a height of 30 meters and move along the ground at

speeds ranging from 0.1 to 0.2 cm/hr.
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SECTION 4

COMPUTER CELL MODEL PROGRAM ADDITIONS AND CHANGES

Tasks I and 11 of the present contract were essentially concerned with
modifying the solar cell model used. That is, it was desired to incor-
porate arbitrary solar cell characteristic I-V curves, temperature co-
efficients, and cell resistances. The method of expressing cell char-
acteristics in closed equation form was abandoned, and point-by-point

descriptors were substituted.

4,1 SOLAR CELL MODEL

The previously developed computer program uéed an equation of the form
2%
I = o~ Be (where 1 = current, V = voltage)

as a model for the solar cell I-V curve. The constants o, B, and Yy
were manually computed for a given cell, temperature, and solar inten-
sity. At a different temperature the origin of coordinates was assumed
to undergo a translation proportional to the temperature change, AT.

The translation equations were of the form

AT

- T (AT)

b

AV

1l

3

TV (AT) + (AI) Rs

where Tc, the short-circuit temperature coefficient, and TV, the open-
circuit voltage coefficient, were each expressed as piecewise linear

functions of solar intensity. The cell resistance is RS.
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Thus, for an arbitrary temperature, the current was
I = o+AI -B eY(V"Av),

while the power became
o = W = v [a+ar - eV,

Using the Newton-Raphson method, the maximum power point could be easily

calculated from the above power equation.

Finally, for solar intensities differing from the initially specified
intensity, the solar cell power was assumed to be a linear function of

intensity.

The present computer program does not use any specific equation to rep-
resent the initial I-V curve. Instead, the curve is defined by reading
into the computer up to 200 I-V points. Linear interpolations and ex-

trapolations are then used to evaluate the curve at unspecified points.

The linear shift of the curve with change in temperature, which was as-
sumed in the previous program, is still incorporated in the present
version. However the calculation of TC and Tv is now performed by in-

putting up to 25 values of each quantity and then linearly interpolating.

Up to this point the only differences between the previous program and
the present program were implementational (i.e., instead of an equation
for the I-V curve, data péints were read in, etc.). Now, the first
procedural difference: 1Instead of linearly scaling the maximum power
of a cell (with solar intensity), the vertical axis of the I-V curve

is linearly shifted proportional to intensity. (Thus the short-circuit

current is assumed to vary linearly with intensity.) With the input
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data points shifted, the maximum power point is calculated by means of
a binary search for the maximum of the expression P = IV, where P is

the power output of the cell.

Finally, the open-circuit voltage is computed from the intersection of
the abscissa with the input data points. This procedure results in a
solar cell model whose short-circuit current is proportional to light
intensity, at constant temperature, and whose open-circuit voltage
changes logarithmically with intensity, provided a curve is specified
having the normal exponential solar cell I-V curve. Temperature changes
cause the origin of coordinates to undergo an effective translation
along a curve whose slope depends upon the temperature coefficients
used. The temperature coefficients may be arbitrary functions of solar
intensity. All data points for the solar cell room temperature curve

and the temperature coefficients may be spaced nonuniformly for input.

4,2 INPUT/OUTPUT LISTS

Several data cards are read by the program. The following subsections

describe their order, contents, and format,
4:2.1 INPUT CARDS

The first input card specifies the cell resistance, RS. It may be

punched anywhere in the first ten columns, with a decimal point.

The second card contains the first value of the short-circuit tempera-
ture coefficient, Tc’ and the value of the solar intensity associated
with it., The units are milliamps OC_1 and milliwatts cm-2. The next
card contains the second value, etc. Up to 25 points may be thus spe-
cified. The values of TC and brightness are read from anywhere in
columns 1 to 10 and 11 to 20, respectively. The final card of this set

must have a 7 punched in column 80 as a delimiter for this data set.
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The next set of cards defines values of the open-circuit voltage
temperature coefficient, TV’ as a function of solar intensity. Units
are millivolts 00‘1 and milliwatts cm—z. The input format is identical
to that of TC, including the 7 punched in column 80 of the last card

of the set.

Finally, the set of points (up to 200) defining the I-V curve is read.
The current (in mA) is punched anywhere in columns 1 through 10, while
the corresponding voltage (in volts) is punched anywhere in columns 11
through 20. Again, the final card of the set must contain a 7 punched

in column 80.

In addition to the previously mentioned inputs, three additional cards

are required for each run and must be read in order:

Card 1 - Title Card

Column 1 - Must contain a 1, which identifies it as the title card.

Columns 2 to 71 ~ Can be filled with any alphanumeric characters to

identify the run.

Columns 72 to 80 - Not used

Card 2 - Input Data

Column 1 - Must contain a 2, which identifies it as the data card.

Columns 5 to 12 - Contains date the run is to start. The format is

Mo/Da/Yr. (earth time)
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Columns 15 to 22 - Contains date run is to be terminated. Same format

as above.

Columns 25 to 32 - Contains date payload landed on surface of Mars.

Same format as above.
Column 34 - Not used.
Column 35 - Cloud model flag. Presently not implemented.

Column 37 - Dust storm flag: 1, if storm is in progress; 0, if no

storm is in progress.

NOTE: When "“no storm' is specified, the program assumes that a storm
has just ended and dust particles are just starting to fall on the

panel,

Column 39 - Radiation model flag. If 1, use no attenuation model. If

2, use worst-case attenuation model (21%/year).

Columns 40 to 44 - Latitude of solar panel. Zero is at the equator;

+90° is north pole; -90° is south pole.

Columns 45 to 48 - Angle of solar panel relative to the ground; 90° is

a vertical panel.

Columns 50 to 54 - This is the azimuth angle of the panel defined as
follows: Let a vector normal to the panel (pointing out) be projected
on the local horizontal plane. The direction of this projection mea-
sured clockwise from north is the azimuth angle. Thus, for a panel
tilted so as to receive the morning sun at any point above the eastern

horizon, the azimuth angle would be 90°.
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Columns 56 to 60 - Active area of solar panel in square feet.

Columns 61 to 65 - Desired power output in watts. For each instanta-
neous power point, the program calculates and prints the panel area re-

quired to generate this power.

Columns 66 to 70 - Defines the horizon below which the sun will not be
able to shine on the solar panel. Can be used to indicate the blockage

of sunlight, e.g., by a hill that rises 15° above the horizon.

Columns 72 to 74 - Days print interval. 1If 1, prints daily summary

every day; if 3, prints daily summary every third day, etc.

Columns 76 to 78 - Daily frequency print interval. Specifies the number
of times within any Mars day (that a summary is printed) to print the
instantaneous value of parameters. If 0, no instantaneous power points
are printed (only the summary is printed). If 1, only the maximum

power point is printed. If 2 or greater, the points in time for dawn,
sun on panel, maximum power, sun off panel, and dusk are printed. 1In
addition, this number is divided into the period of one Mars revolution
and, starting from midnight, instantaneous power points are printed at

this interval.

Card 3 - Input Data (continued)

Column 1 - Must contain a 3, which identifies it as the last data card.

Columns 2 to 10 - Value of p, the ratio of dust particle circumference

to light wavelength. It can range from 27 to 200,

Columns 11 to 20 - Value of N, the index of refraction of the dust par-

ticle. It can range from 1.4 to 1.8.
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Columns 21 to 30 -~ Value of n, the number density of the dust particles

15 to 17 -3

in the atmosphere, It can range from 10 107" km “. (E format with

the E to be punched in column 27)

Columns 31 to 40 - Value of a, the radius of the dust particles. It
can range from 5 x 10"10 to 5 x 10—8 km. (E format with the E to be

punched in column 37)

Columns 41 to 50 - Value of {, the absorption coefficient of the dust.

It can range from 105 to 107 km_l. (E format with the E to be punched

in column 47)

Columns 51 to 60 - Value of v, the reflection coefficient of the dust

layer. It ranges from O to 1.
4.2.2 OUTPUT DATA

Column 1 - Time of Martian day in hours past midnight. (Martian mid-

night = 0.0000.)
Column 2 -~ The power output of one 4 cm2 solar cell in milliwatts.

Column 3 - The power output, in watts, of a panel of 4 cm2 solar cells

. P . 2 .
whose area is specified in ft = as an input parameter.
. . 2 .
Column 4 - The panel area required, in ft”, to provide a power output
specified as an input parameter.

#

Column 5 - The accumulated energy, in watt-hours, generated by the panel

since the start of the computer run.
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Column 6 - Solar intensity at the upper atmosphere of Mars in

milliwatts/cmz.

Columns 7, 8, 9 - Solar intensity transmission coefficients for the

Mars atmosphere, cloud cover, and dust environment, respectively.

Column 10 - Magnitude of solar intensity, in mW/cmz, after passing

through the Mars atmosphere, cloud covers, and dust environment.
Column 11 - Solar intensity normal to panel surface in mW/cmZ.
Column 12 - Temperature of solar panel in °c.

Column 13 - Power output, in mW, of &4 cm2 solar cell before radiation

degradation is applied.

Column 14 - Percentage of column 13 actually generated due to radiation

degradation.

Column 15 - Elevation of sun in degrees as measured from the local geo-

graphic vertical.

Column 16 - Azimuth of sun in degrees. That is, the angle measured in
the local geographic horizontal plane between the projection of the
sun-Mars line in that plane and Mars North (measured in the clockwise

direction).

Column 17 - Elevation of the sun relative to the solar panel surface

vertical.

Line preceding detail printout:
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"Mars day'" - The number of Martian days that have elapsed since start

of computer program.

"Earth time" - The number of Earth days that have elapsed since midnight
(GMT) of April 20, 1967 to midnight of this Mars day. Adding column 1

time to this time gives Earth GMT of that particular point.
Printed at the bottom of the page are the quantities:

(a) Short-circuit current (in mA),

(b) Maximum power point voltage (in volts), and

(c) Open circuit voltage (in volts),
for the three periods of the day:

(a) Near dawn,

(b) At the time of maximum power, and

(¢) DNear dusk.

The sun elevation angle for the "near dawn'" and "near dusk" periods is

also presented.

4.3 PROGRAM LISTING

The following is a literal copy of the cards comprising the computer
program. Language used is Fortran IV, and no compilation or other mes-
sages are included. These data cards were used to run the sample

problem.
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4.4 TYPICAL PRINTOUT OF SAMPLE PROBLEM

The data cards listed in 4.3 were used to run a sample problem. The

associated printout follows here. The first page reiterates the input

configuration data. The second page is representative of the output

to be expected, but does not include the total printout from this run;

~only the first two pages are shown.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

The overall Planetary Solar Array Development program undertaken by EOS
during the past several years has defined the important aspects of the
Mars hard and soft lander solar power problem. The work reported here
has provided a means for computing the probable panel output for a large
number of configurations of the cells and panels, for various geometries

and, most important, under the expected environmental conditions.,

Earlier reports have described designs which would successfully meet many
difficult constraints of power, weight, and structural integrity. In ad-
dition, important test data were generated, showing solar cell shock re-
sponse as a function of radius of curvature and of loading up to 5000 g's.
The entire body of work contains many important theoretical and engineer-
ing advances in the areas of orbital dynamics, light scattering, the
physics of blown sand and dust, solar cell models, and computer program-
ming, as well as a rather complete structural analysis of the statics

and dynamics of hard and soft landing and panel deployment.

It is recommended that the computer program described in this report be
modified, either for the JPL computer facility or for the EOS machine,
to produce plots of the important parameters computed during the Mars
day. These graphs would then be used to define envelopes of worst- and
best-case conditions which could be published in the form of a design
handbook for Mars lander vehicles. In the event it should be desirable
to produce these plots manually, the computer program in its present
form will be adequate, and only the input parameters remain to be

specified,

As a further recommendation, it appears feasible to adapt the present

computer program to calculate the power output of an orbiting panel.
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